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1
SOLID ELECTROLYTE MATERIAL,
LITHIUM BATTERY, AND METHOD OF
PRODUCING SOLID ELECTROLYTE
MATERIAL

TECHNICAL FIELD

The present invention relates to a Li—[La—Ti—O based
solid electrolyte material having high Li ion conductivity in
the crystal grain boundary.

BACKGROUND ART

In accordance with a rapid spread of information relevant
apparatuses and communication apparatuses such as a per-
sonal computer, a video camera and a portable telephone in
recent years, the development of a battery to be utilized as a
power source thereof has been emphasized. The development
of a high-output and high-capacity battery for an electric
automobile or a hybrid automobile has been advanced also in
the automobile industry. A lithium battery has been presently
attracted attention from the viewpoint of a high energy den-
sity among various kinds of batteries.

Liquid electrolyte containing a flammable organic solvent
is used for a presently commercialized lithium battery, so that
the installation of a safety device for restraining temperature
rise during a short circuit and the improvement in structure
and material for preventing the short circuit are necessary
therefor. On the contrary, a lithium battery all-solidified by
replacing the liquid electrolyte with a solid electrolyte layer is
conceived to intend the simplification of the safety device and
be excellent in production cost and productivity for the reason
that the flammable organic solvent is not used in the battery.

A Li—La—Ti—O based solid electrolyte material (LLT)
has been known as a solid electrolyte material used for an all
solid state lithium battery. For example, in Non Patent Litera-
ture 1, an amorphous thin membrane of Li, ;La, sTiO; is
disclosed. The composition of this thin membrane corre-
sponds to the case ofx=0.17 in a general formula: Li, La, 5_,
TiO;. Also, in Patent Literature 1, a solid electrolyte mem-
brane having lithium ion conductivity is disclosed, which has
a composition of La,li,Ti,0; (0.4=X<0.6, 0.4=<Y=0.6,
0.8=7<1.2, Y<X) and an amorphous structure. This compo-
sition range differs completely from a composition range of
Liy,La,;_ TiO;.

Also, in Patent Literature 2, a solid electrolyte layer com-
posed of a solid electrolyte including a complex oxide con-
taining Li, La and Ti is disclosed, in which the solid electro-
lyte layer comprises an amorphous layer, a crystalline layer,
and a lattice defect layer. In addition, in Patent Literature 2, it
is described that the composition of a solid electrolyte mate-
rial is preferably La, 5 i, TiO; 0.03=x<0.167). This solid
electrolyte material is synthesized by performing planetary
ball milling and burning, and corresponds to the so-called
bulk body, and is not a thin membrane.

CITATION LIST
Patent Literature
Patent Literature 1: Japanese Patent Application Laid-
Open (JP-A) No. 2009-238704
Patent Literature 2: JP-A No. 2008-059843

Non Patent Literature

Non Patent Literature 1: Jun-Ku Ahn et al., “Characteris-
tics of perovskite (Li, sLa, 5)TiO; solid electrolyte thin films
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grown by pulsed laser deposition for rechargeable lithium
microbattery”, Electrochimica Acta 50 (2004) 371-374

SUMMARY OF INVENTION
Technical Problem

A solid electrolyte material having high Li ion conductivity
has been demanded from the viewpoint of achieving higher
output of a battery. In particular, Li ion conductivity tends to
deteriorate in the crystal grain boundary, so that the improve-
ment of [i ion conductivity in the crystal grain boundary
needs to be intended. The present invention has been made in
view of the above-mentioned actual circumstances, and a
main object thereof is to provide a Li—La—Ti—O based
solid electrolyte material having high [.i ion conductivity in
the crystal grain boundary.

Solution to Problem

To solve the above-mentioned problem, the present inven-
tion provides a solid electrolyte material represented by a
general formula: Liy (Lag;_, Ml,) (Ti,_,M2,)O;, in
which “x”is 0<x<0.17; “a” 1s 0=a=<0.5; “b” is 0=<b=0.5; “M1”
is at least one selected from the group consisting of Sr, Na,
Nd, Pr, Sm, Gd, Dy, Y, Eu, Tb, and Ba; and “M2” is at least one
selected from the group consisting of Mg, W, Mn, Al, Ge, Ru,
Nb, Ta, Co, Zr, Hf, Fe, Cr, and Ga, and characterized in that
the solid electrolyte material is a crystalline material, is in thin
film form, and has a thickness of 250 nm to 850 nm.

A Li—La—Ti—O based solid electrolyte material having
high Li ion conductivity in the crystal grain boundary can be
obtained for the reason that the solid electrolyte material of
the present invention has the above-mentioned general for-
mula, is a crystalline material, is in thin film form, and has a
specific thickness. In particular, the solid electrolyte material
of'the present invention has a thickness of a specific range, so
that crystal grains may be favorably joined to each other and
Li ion conductivity in the crystal grain boundary may be
improved.

In the invention, the “x” preferably satisfies 0.06=<x=<0.08.
As described in the below-mentioned examples, the reason
therefor is a solid electrolyte material having high Li ion
conductivity in the crystal grain boundary can be obtained.

In the invention, the “a” and the “b” are preferably 0.

Also, the present invention provides a lithium battery com-
prising: a cathode active material layer containing a cathode
active material, an anode active material layer containing an
anode active material, and a solid electrolyte layer formed
between the above-mentioned cathode active material layer
and the above-mentioned anode active material layer, char-
acterized in that the above-mentioned solid electrolyte layer
contains the above-mentioned solid electrolyte material.

According to the present invention, using the above-men-
tioned solid electrolyte material, a high-output lithium bat-
tery can be obtained.

Also, the present invention provides a method of producing
a solid electrolyte material, comprising steps of: preparing a
raw material, in which the raw material is made of Li, La, Ti,
M1 (M1 being at least one selected from the group consisting
of'Sr, Na, Nd, Pr, Sm, Gd, Dy, Y, Eu, Tb, and Ba), and M2 (M2
being at least one selected from the group consisting of Mg,
W, Mn, Al, Ge, Ru, Nb, Ta, Co, Zr, Hf, Fe, Cr, and Ga);
forming a thin film, in which a LiLaTiO thin film is formed,
using the raw material, to a substrate by a reactive deposition
method using an oxygen; and heating the LiL.aTiO thin film
and forming a solid electrolyte material, in which the solid



US 9,300,008 B2

3

electrolyte material is represented by a general formula: Li;,
(Lags_g_oMl1,) (Ti;_;M2,)O0;, “x” being 0<x<0.17 and “a”
being 0=a=<0.5; “b” is 0=b=0.5; and the solid electrolyte mate-
rial is a crystalline material, is in thin film form, and has a
thickness of 250 nm to 850 nm.

According to the present invention, the use of the reactive
deposition method allows a minute Lil.aTiO thin film to be
formed, and the performance of heating treatment allows a
solid electrolyte material having high crystallinity to be
formed. In addition, the solid electrolyte material has a thick-
ness of a specific range, so that crystal grains may be favor-
ably joined to each other and the Li—La—Ti—O based solid
electrolyte material having high Li ion conductivity in the
crystal grain boundary can be obtained.

In the invention, the “x” preferably satisfies 0.06=<x<0.08.
As described in the below-mentioned examples, the reason
therefor is that a solid electrolyte material having high LLi ion
conductivity in the crystal grain boundary can be obtained.

In the invention, the LilLaTiO thin film is preferably formed
in the thin film forming step by the reactive deposition
method using an oxygen plasma.

In the invention, the substrate is preferably a member con-
taining a cathode active material layer or an anode active
material layer. The reason therefor is to be useful for produc-
ing a lithium battery.

Advantageous Effects of Invention

The present invention produces the effect such that a
Li—La—Ti—O based solid electrolyte material having high
Li ion conductivity in the crystal grain boundary can be
obtained.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic cross-sectional view explaining Li
ion conduction in a solid electrolyte material.

FIG. 2 is a schematic cross-sectional view showing an
example of a lithium battery of the present invention.

FIG. 3 is a schematic cross-sectional view showing an
example of a method of producing a solid electrolyte material
of the present invention.

FIG. 4 is a result of measuring Li ion conductivity of each
of'solid electrolyte materials obtained in Examples 1-1 to 1-4
and Comparative Examples 1-1 and 1-2.

FIG. 5 is a result of measuring Li ion conductivity of each
of'solid electrolyte materials obtained in Examples 2-1 to 2-4
and Comparative Examples 2-1 and 2-2.

FIG. 6 is a result of measuring Li ion conductivity of each
of solid electrolyte materials obtained in Comparative
Examples 3-1 and 3-6.

FIG. 7 is an SEM photograph ofa surface of a conventional
solid electrolyte material.

FIG. 8 is an SEM photograph of a surface of a solid elec-
trolyte material of the present invention.

DESCRIPTION OF EMBODIMENTS

A solid electrolyte material, a lithium battery and a method
of producing a solid electrolyte material of the present inven-
tion are hereinafter described in detail.

A. Solid Electrolyte Material

A solid electrolyte material of the present invention is first
described. The solid electrolyte material of the present inven-
tionis represented by a general formula: Li; (Lag, /5, ,M1,)
(Ti,_,M2b)Oj;, in which 0<x<0.17; “a” is 0=a=<0.5; “b” is
0<b=0.5; “M1” is at least one selected from the group con-
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4
sisting of Sr, Na, Nd, Pr, Sm, Gd, Dy, Y, Eu, Tb, and Ba; and
“M2”is at least one selected from the group consisting of Mg,
W, Mn, Al, Ge, Ru, Nb, Ta, Co, Zr, Hf, Fe, Cr, and Ga, and
characterized in that the solid electrolyte material is a crys-
talline material, is in thin film form, and has a thickness 0f 250
nm to 850 nm.

A Li—La—Ti—O based solid electrolyte material having
high Li ion conductivity in the crystal grain boundary can be
obtained for the reason that the solid electrolyte material of
the present invention has the above-mentioned general for-
mula, is a crystalline material, is in thin film form, and has a
specific thickness. In particular, the solid electrolyte material
of'the present invention has a thickness of a specific range, so
that crystal grains may be favorably joined to each other and
Li ion conductivity in the crystal grain boundary can be
improved.

FIG. 1 is a schematic cross-sectional view explaining Li
ion conduction in a solid electrolyte material. In the case of a
crystalline solid electrolyte material, both i ion conductivity
inside the crystal grain (o,) and Li ion conductivity in the
crystal grain boundary (o,,) need to be considered. In a
conventional solid electrolyte material, o,, becomes over-
whelmingly smaller than o,.. Thus, the crystal grain boundary
becomes the bottleneck, and Li ions build up easily in the
crystal grain boundary and may not move smoothly, so that a
high-output lithium battery is difficult to be obtained. In con-
trast, the solid electrolyte material of the present invention has
a thickness of a specific range, so that crystal grains may be
favorably joined to each other. As aresult, Liions are difficult
to be built up in the crystal grain boundary and may move
smoothly, so that a high-output lithium battery may be
obtained.

One characteristic of the solid electrolyte material of the
present invention is being a crystalline material. In the above-
mentioned Patent Literature 1 and Non Patent Literature 1,
the amorphous solid electrolyte material is disclosed. In these
Literatures, the point that resistance increase due to the crys-
tal grain boundary may be prevented is described as the
advantage in amorphizing the solid electrolyte material.
Thus, conventionally, the amorphous solid electrolyte mate-
rial has been generally formed in consideration of the pres-
ence of the grain boundary resistance. In contrast, in the
present invention, even in the case of the crystalline solid
electrolyte material, it was confirmed that Li ions can be
restrained from building up in the crystal grain boundary. It
can be confirmed by X-ray diffraction (XRD) that the solid
electrolyte material of the present invention is a crystalline
material.

Also, one characteristic of the solid electrolyte material of
the present invention is being in thin film form. In the above-
mentioned Patent Literature 2, the solid electrolyte material
as the so-called bulk body is disclosed. With regard to the
solid electrolyte material as the bulk body, space is caused so
easily between the crystal grains that it is difficult to favorably
join the crystal grains to each other. In contrast, in the present
invention, the use of the below-mentioned reactive deposition
method allows a minute solid electrolyte material in thin film
form to be obtained. Thus, it is conceived that the crystal
grains may be favorably joined to each other and Li ion
conductivity in the crystal grain boundary can be improved.

The thickness of the solid electrolyte material of the
present invention is generally 250 nm or more. When the
thickness of the solid electrolyte material is smaller than 250
nm, the grain diameter of the obtained crystal grains becomes
too small and the joint of the crystal grains to each other
becomes insufficient. As a result, it is conceived that Li ions
build up so easily in the crystal grain boundary that Li ion



US 9,300,008 B2

5

conductivity in the crystal grain boundary deteriorates. On
the other hand, as described in the below-mentioned
examples, when the thickness of the solid electrolyte material
is 250 nm or more, Li ion conductivity in the crystal grain
boundary improves remarkably. Above all, the thickness of
the solid electrolyte material is preferably 300 nm or more,
and more preferably 350 nm or more. The reason thereforisto
further improve Li ion conductivity in the crystal grain
boundary.

Meanwhile, the thickness of the solid electrolyte material
is generally 850 nm or less. When the thickness of the solid
electrolyte material is larger than 850 nm, the grain diameter
of'the obtained crystal grains becomes too large and the joint
of'the crystal grains to each other becomes insufficient. As a
result, it is conceived that Li ions build up so easily in the
crystal grain boundary that Li ion conductivity in the crystal
grain boundary deteriorates. Above all, the thickness of the
solid electrolyte material is preferably 800 nm or less, more
preferably 750 nm or less, and far more preferably 650 nm or
less. The reason therefor is to further improve Li ion conduc-
tivity in the crystal grain boundary.

Also, the average grain diameter of the crystal grains con-
tained in the solid electrolyte material is, although not par-
ticularly limited, for example, preferably 10 nm to 100 nm,
and more preferably 20 nm to 80 nm. The average grain
diameter of the crystal grains may be calculated by observing
with a scanning electron microscope (SEM).

Also, the solid electrolyte material of the present invention
is represented by Liy (La /5y ,M1,) (Ti;_,M2,)O;. In the
above-mentioned general formula, “x” is 0<x<0.17. In the
present invention, “x” is preferably 0.05=x, and more prefer-
ably 0.06=x. As described in the below-mentioned examples,
the reason therefor is a solid electrolyte material having high
Li ion conductivity in the crystal grain boundary can be
obtained. On the other hand, in the present invention, “x” is
generally smaller than 0.17. As described in the below-men-
tioned comparative examples, the reason therefor is a solid
electrolyte material having high Li ion conductivity in the
crystal grain boundary cannot be obtained when “x”1s 0.17 or
more. Above all, in the present invention, “x” is preferably
x=0.16, more preferably x<0.10, and far more preferably
x=0.08.

Also, in the above-mentioned general formula, “a” is
0=a=<0.5. The reason why the upper limit of “a” is prescribed
at 0.5 is that when “a” is more than 0.5, the ratio of La
relatively decreases and a stable perovskite type structure
may not be formed. Also, in the above-mentioned general
formula, “b” is 0=<b=0.5. The reason why the upper limit of
“b” is prescribed at 0.5 is the same as the case of “a”. Also, in
the present invention, “a” or “b” may be 0, or alternatively,
“a” and “b” may be 0.

Also, in the above-mentioned general formula, “M1” is a
metal capable of being located at the same site as La in the
crystal structure; specifically, at least one selected from the
group consisting of Sr, Na, Nd, Pr, Sm, Gd, Dy, Y, Eu, Tb, and
Ba.

Also, in the above-mentioned general formula, “M2” is a
metal capable of being located at the same site as Ti in the
crystal structure; specifically, at least one selected from the
group consisting of Mg, W, Mn, Al, Ge, Ru, Nb, Ta, Co, Zr,
Hf, Fe, Cr, and Ga.

The solid electrolyte material of the present invention is
generally a crystalline material. Also, the solid electrolyte
material of the present invention preferably has a perovskite
type structure. The reason therefor is to allow a solid electro-
lyte material having high Li ion conductivity. In particular,
the solid electrolyte material of the present invention is pref-
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6

erably a single-phase compound having a perovskite type
structure. The reason therefor is to allow Li ion conductivity
to be further improved.

In the present invention, the ratio (0,,/0,) of Li ion con-
ductivity in the crystal grain boundary (o) to Li ion con-
ductivity inside the crystal grain (o,) is preferably higher.
Specifically, 0,,/0, is preferably 0.09 or more, more prefer-
ably 0.20 or more, far more preferably 0.80 or more, and
particularly preferably 1.0 or more. In addition, the solid
electrolyte material of the present invention may be used for
optional uses in which Li ion conductivity is required.
Examples of the uses of the solid electrolyte material include
batteries such as a lithium battery and sensors such as a gas
sensor. A method of producing the solid electrolyte material
of the present invention is described in detail in the below-
mentioned ‘C. Method of producing solid electrolyte mate-
rial’.

B. Lithium Battery

Next, a lithium battery of the present invention is
described. The lithium battery of the present invention is a
lithium battery comprising: a cathode active material layer
containing a cathode active material, an anode active material
layer containing an anode active material, and a solid elec-
trolyte layer formed between the above-mentioned cathode
active material layer and the above-mentioned anode active
material layer, characterized in that the above-mentioned
solid electrolyte layer contains the above-mentioned solid
electrolyte material.

According to the present invention, using the above-men-
tioned solid electrolyte material, a high-output lithium bat-
tery can be obtained.

FIG. 2 is a schematic cross-sectional view showing an
example of a lithium battery of the present invention. A
lithium battery 10 in FIG. 2 comprises: a cathode active
material layer 1 containing a cathode active material, an
anode active material layer 2 containing an anode active
material, a solid electrolyte layer 3 formed between the cath-
ode active material layer 1 and the anode active material layer
2, a cathode current collector 4 for performing current col-
lecting of the cathode active material layer 1, an anode current
collector 5 for performing current collecting of the anode
active material layer 2, and a battery case 6 for storing these
members. The present invention is greatly characterized in
that the solid electrolyte layer 3 contains the solid electrolyte
material described in the above-mentioned ‘A. Solid electro-
lyte material’.

The lithium battery of the present invention is hereinafter
described in each constitution.

1. Solid Electrolyte Layer

A solid electrolyte layer in the present invention is first
described. The solid electrolyte layer in the present invention
contains the above-mentioned solid electrolyte material. The
range of the thickness of the solid electrolyte layer is prefer-
ably the same as the range of the thickness of the above-
mentioned solid electrolyte material.

2. Cathode Active Material Layer

Next, a cathode active material layer in the present inven-
tion is described. The cathode active material layer in the
present invention is a layer containing at least a cathode active
material, and may contain at least one of a conductive mate-
rial, a solid electrolyte material and a binder, as required.
Examples of the cathode active material include LiCoO,,
LiMnO,, Li,NiMn,Oy, LiVO,, LiCrO,, LiFePO,, LiCoPO,,
LiNiO, and LiNi, 5Co, ,sMn, ;O..

The cathode active material layer in the present invention
may further contain a conductive material. The addition of the
conductive material allows conductivity of the cathode active
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material layer to be improved. Examples of the conductive
material include acetylene black, Ketjen Black and carbon
fiber. Also, the cathode active material layer may further
contain a solid electrolyte material. The addition of the solid
electrolyte material allows Li ion conductivity of the cathode
active material layer to be improved. Examples of the solid
electrolyte material include an oxide solid electrolyte mate-
rial and a sulfide solid electrolyte material. Also, the cathode
active material layer may further contain a binder. Examples
of the binder include a fluorine-containing binder such as
polytetrafluoroethylene (PTFE). The thickness of the cathode
active material layer is preferably within a range of 0.1 um to
1000 um, for example.

3. Anode Active Material Layer

Next, an anode active material layer in the present inven-
tion is described. The anode active material layer in the
present invention is a layer containing at least an anode active
material, and may contain at least one of a conductive mate-
rial, a solid electrolyte material and a binder, as required.
Examples of the anode active material include a metal active
material and a carbon active material. Examples of the metal
active material include In, Al, Si, and Sn. On the other hand,
examples of the carbon active material include mesocarbon
microbeads (MCMB), high orientation property graphite
(HOPG), hard carbon and soft carbon.

A conductive material, a solid electrolyte material and a
binder used for the anode active material layer are the same as
the case of the above-mentioned cathode active material
layer. The thickness of the anode active material layer is
preferably within a range of 0.1 pm to 1000 pum, for example.

4. Other Constitutions

The lithium battery of the present invention comprises at
least the above-mentioned solid electrolyte layer, cathode
active material layer and anode active material layer, and
generally further comprises a cathode current collector for
performing current collecting of the cathode active material
layer and an anode current collector for performing current
collecting of the anode active material layer. Examples of a
material for the cathode current collector include SUS, alu-
minum, nickel, iron, titanium and carbon, and preferably SUS
among them. On the other hand, examples of a material for
the anode current collector include SUS, copper, nickel and
carbon, and preferably SUS among them. The thickness and
shape of the cathode current collector and the anode current
collector are preferably selected properly in accordance with
factors such as uses of a lithium battery. A battery case of a
general lithium battery may be used for a battery case used for
the present invention. Examples of the battery case include a
battery case made of SUS.

5. Lithium Battery

The lithium battery of the present invention may be a
primary battery or a secondary battery, and is preferably a
secondary battery. The reason therefor is to be repeatedly
chargeable and dischargeable and be useful as a car-mounted
battery, for example. Examples of the shape of the lithium
battery of the present invention include a coin shape, a lami-
nate shape, a cylindrical shape and a rectangular shape. A
method of producing the lithium battery of the present inven-
tionis not particularly limited if it is a method for allowing the
above-mentioned lithium battery, and the same method as a
method of producing a general lithium battery may be used.
Examples thereof include a method such that a material com-
posing a cathode active material layer, a material composing
a solid electrolyte layer and a material composing an anode
active material layer are sequentially pressed to thereby pro-
duce a power generating element, and this power generating
element is stored inside a battery case, which is crimped.
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C. Method of Producing Solid Electrolyte Material

Next, a method of producing a solid electrolyte material of
the present invention is described. The method of producing
a solid electrolyte material of the present invention comprises
steps of: preparing a raw material, in which the raw material
is made of Li, La, Ti, M1 (M1 being at least one selected from
the group consisting of Sr, Na, Nd, Pr, Sm, Gd, Dy, Y, Eu, Tb,
and Ba), and M2 (M2 being at least one selected from the
group consisting of Mg, W, Mn, Al, Ge, Ru, Nb, Ta, Co, Zr,
Hf, Fe, Cr, and Ga); forming a thin film, in which a LiL.aTiO
thin film is formed, using the raw material, to a substrate by a
reactive deposition method using oxygen; and heating the
LiLaTiO thin film and forming a solid electrolyte material, in
which the solid electrolyte material is represented by a gen-
eral formula: Liz, (La sy ,Ml1,) (Ti;_,M2,)O;, “x” being
0<x<0.17 and “a” being 0=a=<0.5; “b” is 0<b=0.5, and the
solid electrolyte material is a crystalline material, is in thin
film form, and has a thickness of 250 nm to 850 nm.

According to the present invention, the use of the reactive
deposition method allows a minute Lil.aTiO thin film to be
formed, and the performance of heating treatment allows a
solid electrolyte material having high crystallinity to be
formed. In addition, the solid electrolyte material has a thick-
ness of a specific range, so that crystal grains can be favorably
joined to each other and the Li—La—Ti—O based solid
electrolyte material having high Li ion conductivity in the
crystal grain boundary can be obtained.

FIG. 3 is a schematic cross-sectional view showing an
example of a method of producing a solid electrolyte material
of the present invention. In FIG. 3, a crucible 12 in which Li
metal, La metal and Ti metal are put, and a substrate 13 are
first placed ina chamber 11, Next, the pressure of the chamber
11 is reduced to form a vacuum state. Thereafter, an O,
plasma is caused to simultaneously volatilize Li metal, La
metal and Ti metal by a resistance heating method and an
electron beam method. Thus, a LiLaTiO thin film 14 is depos-
ited on the substrate 13. Thereafter, the substrate 13 with the
LiLaTiO thin film 14 deposited thereon is heated in the air to
thereby form a crystalline solid electrolyte material in thin
film form out of the LiLaTiO thin film 14.

A method of producing a solid electrolyte material of the
present invention is hereinafter described in each step.

1. Raw Material Preparing Step

The raw material preparing step in the present invention is
first described. The raw material preparing step in the present
invention is a step of preparing a raw material, in which the
raw material is made of Li, La, Ti, M1 (M1 being at least one
selected from the group consisting of Sr, Na, Nd, Pr, Sm, Gd,
Dy,Y, Eu, Tb, and Ba), and M2 (M2 being at least one selected
from the group consisting of Mg, W, Mn, Al, Ge, Ru, Nb, Ta,
Co, Zr, Hf, Fe, Cr, and Ga).

In the present invention, simplex metals of Li, La, Ti, M1
and M2 are generally prepared. These simplex metals are
preferably high in purity. The reason therefor is a solid elec-
trolyte material with fewer impurities can be obtained. Also,
generally, M1 is not used in the case of obtaining a solid
electrolyte material such that “a” in the above-mentioned
general formula is 0, and M2 is not used in the case of
obtaining a solid electrolyte material such that “b” in the
above-mentioned general formula is 0.

2. Thin Film Forming Step

Next, the thin film forming step in the present invention is
described. The thin film forming step in the present invention
is a step of forming a LiL.aTiO thin film while using the
above-mentioned raw material to a substrate by a reactive
deposition method using oxygen.
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In the present invention, the LilLaTiO thin film is formed by
a reactive deposition method. In this method, the LiL.aTiO
thin film is formed by volatilizing the raw material to react the
volatilized raw material with oxygen. Examples of a method
of volatilizing the raw material include a resistance heating
method and an electron beam method. Examples of a method
of reacting the volatilized raw material with oxygen include a
method of using an oxygen plasma and a method of using
oxygen gas. In addition, in the present invention, the reactive
deposition is preferably performed in vacuo, and is preferably
performed specifically in a vacuum of 1x10~'° mBar or less.
The reason therefor is that a minute thin film may be formed.
The thickness of the LiL.aTiO thin film can be controlled by
deposition time.

Also, in the present invention, the LiL.aTiO thin film is
formed onthe substrate. The substrate in the present invention
is not particularly limited and preferably selected properly in
accordance with uses of the solid electrolyte material. For
example, in the case of using the solid electrolyte material as
a solid electrolyte layer of a lithium battery, a member having
a cathode active material layer or an anode active material
layer is preferably used as the substrate.

3. Heating Step

Next, the heating step in the present invention is described.
The heating step in the present invention is a step of heating
the LiL.aTiO thin film and forming a solid electrolyte mate-
rial, in which the solid electrolyte material is represented by a
general formula: Liy,(Lag;s_ o Ml,) (Ti,_,M2,)0;, “x”
being 0<x<0.17 and “a” being 0=a=<0.5; “b” is 0=b=<0.5, and
the solid electrolyte material is a crystalline material, is in thin
film form, and has a thickness of 250 nm to 850 nm.

In the present invention, the heating of the Lil.aTiO thin
film allows the solid electrolyte material with a crystal phase
represented by the above-mentioned general formula to be
obtained. Heating temperature is preferably a temperature of
crystallizing temperature or more of a crystal phase repre-
sented by the above-mentioned general formula; for example,
within a range of 600° C. to 900° C. Heating time is preferably
within a range of 0.5 hour to 6 hours, for example. Also,
examples of a method of heating the LiL.aTiO thin film
include a method by using a baking furnace. In addition, an
atmosphere for heating the LiLaTiO thin film may be an air
atmosphere or an inert gas atmosphere.

Also, in the present invention, heating step may be per-
formed after thin film forming step, or simultaneously with
thin film forming step. In the case of the latter, the substrate is
preferably heated to a desired temperature during the thin film
formation.

3. Others

A solid electrolyte material obtained by the present inven-
tion is the same as the contents described in the above-men-
tioned ‘A. Solid electrolyte material’; therefore, the descrip-
tion herein is omitted. The present invention can provide a
solid electrolyte material characterized by being obtained by
the above-mentioned method of producing a solid electrolyte
material.

The present invention is not limited to the above-men-
tioned embodiments. The above-mentioned embodiments are
exemplification, and any is included in the technical scope of
the present invention if it has substantially the same consti-
tution as the technical idea described in the scope of the
claims of the present invention and offers similar operation
and effect thereto.
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10
EXAMPLES

The present invention is described more specifically while
showing examples hereinafter.

Example 1-1

Lithium metal (ribbon, a purity o' 99.9%, manufactured by
Sigma-Aldrich Co. LLC.), lanthanum metal (a purity of
99.9%, manufactured by Sigma-Aldrich Co. LLC.), and tita-
nium metal (slug, a purity of 99.98%, manufactured by Alfa
Aesar) were first prepared as a raw material. Next, the lithium
metal was put in a 40 cm® crucible made of pyrolytic boron
nitride (PBN) and placed in a chamber. Next, the lanthanum
metal and the titanium metal were each put in a 40 cm?
crucible made of pyrolytic graphite and placed in the chamber
in the same manner. A Si/SiO,/Ti/Pt laminated body (manu-
factured by NOVA Electronic Materials, LI.C.) was used as a
substrate, a deposition area was determined at 0.785 ¢cm?
(equivalent to ¢ 10 mm), and a distance from the raw material
to the substrate was determined at 500 mm. Next, the inside of
the chamber was subject to a high vacuum of 1x107*° mBar or
less.

Thereafter, resistance heating (Knudsen Cells) was per-
formed for the crucible in which the lithium metal was put to
volatilize the lithium, and simultaneously electron beam irra-
diation was performed for the crucible in which the lantha-
num metal was put and the crucible in which the titanium
metal was put to volatilize the lanthanum metal and the tita-
nium metal. An oxygen plasma was caused in the chamber by
using an oxygen plasma generator (manufactured by Oxford
Applied Research Ltd., RF source, HD25™) and reacted with
the volatilized raw material to thereby deposit a LiL.aTiO thin
film on the substrate. Deposition time was 60 minutes.

Thereafter, the LiLaTiO thin film deposited on the sub-
strate was heated in the air on the conditions of 750° C. and 3
hours to obtain a solid electrolyte material in thin film form (a
thickness 0f250 nm). When XRD measurement (CuK o used)
was performed for the obtained solid electrolyte material, it
was confirmed that the solid electrolyte material was a crys-
talline material. Also, when ICP analysis (inductively
coupled plasma analysis) was performed for the obtained
solid electrolyte material, the composition thereof was
Li, ;5lag 6, Ti05 (x=0.06). Through these results, it was con-
firmed that the obtained solid electrolyte material had a per-
ovskite type structure.

Examples 1-2 to 1-4

A solid electrolyte material in thin film form was obtained
in the same manner as Example 1-1 except for properly modi-
fying the deposition time. The thickness of the solid electro-
lyte materials obtained in Examples 1-2 to 1-4 was 450 nm,
650 nm and 850 nm, respectively.

Comparative Examples 1-1 and 1-2

A solid electrolyte material in thin film form was obtained
in the same manner as Example 1-1 except for properly modi-
fying the deposition time. The thickness of the solid electro-
lyte materials obtained in Comparative Examples 1-1 and 1-2
was 50 nm and 1050 nm, respectively.

[Evaluation 1]

Li ion conductivity of the solid electrolyte materials
obtained in Examples 1-1 to 1-4 and Comparative Examples
1-1 and 1-2 was evaluated. Platinum was first deposited on the
surface of the solid electrolyte material formed on the sub-
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strate to produce a symmetrical cell of Pt/solid electrolyte
material/Pt. Next, Li ion conductivity inside the crystal grain
(o,) and Li ion conductivity in the crystal grain boundary
(0,s) were measured by an alternating current impedance
method to calculate 0,,/0,. The result is shown in Table 1 and
FIG. 4.

TABLE 1
Chemical Formula Thickness 0/Og

Comparative Lig.1gLage; TiO3 50 nm 0.11
Example 1-1 (x =0.06)

Example 1-1 250 nm 1.02
Example 1-2 450 nm 1.10
Example 1-3 650 nm 1.01
Example 1-4 850 nm 0.51
Comparative 1050 nm 0.12
Example 1-2

As shown in Table 1 and FIG. 4, in the case where the
thickness was within a range of 250 nm to 850 nm, it was
confirmed that o_,/0, increased. In particular, in the case
where the thickness was within a range of 250 nm to 650 nm,
it was confirmed that o,,/0, increased remarkably.

Example 2-1

A solid electrolyte material in thin film form was obtained
in the same manner as Example 1-1 except for properly
adjusting the amount of the metals volatilized from the cru-
cible with a shutter. The composition of the solid electrolyte
material obtained in Example 2-1 was Lij,.la, 551105
(x=0.08) and the thickness thereof was 250 nm.

Examples 2-2 to 2-4

A solid electrolyte material in thin film form was obtained
in the same manner as Example 2-1 except for properly modi-
fying the deposition time. The thickness of the solid electro-
lyte materials obtained in Examples 2-2 to 2-4 was 450 nm,
650 nm and 850 nm, respectively.

Comparative Examples 2-1 and 2-2

A solid electrolyte material in thin film form was obtained
in the same manner as Example 2-1 except for properly modi-
fying the deposition time. The thickness of the solid electro-
lyte materials obtained in Comparative Examples 2-1 and 2-2
was 50 nm and 1050 nm, respectively.

[Evaluation 2]

0,,/0, of the solid electrolyte materials obtained in
Examples 2-1 to 2-4 and Comparative Examples 2-1 and 2-2
was calculated. The measuring method is the same as the
above-mentioned Evaluation 1. The result is shown in Table 2
and FIG. 5.

TABLE 2
Chemical Formula Thickness 0/Og

Comparative LigoaLlag s TiO3 50 nm 0.06
Example 2-1 (x =0.08)

Example 2-1 250 nm 0.31
Example 2-2 450 nm 0.83
Example 2-3 650 nm 0.21
Example 2-4 850 nm 0.09
Comparative 1050 nm 0.01
Example 2-2
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As shown in Table 2 and FIG. 5, in the case where the
thickness was within a range of 250 nm to 850 nm, it was
confirmed that o,,/0, increased. In particular, in the case
where the thickness was within a range of 250 nm to 600 nm,
in addition, in the case where the thickness was within a range
of 300 nm to 550 nm, it was confirmed that o,,/0, increased
remarkably.

Comparative Example 3-1

A solid electrolyte material in thin film form was obtained
in the same manner as Example 1-1 except for properly
adjusting the amount of the metals volatilized from the cru-
cible with a shutter. The composition of the solid electrolyte
material obtained in Comparative Example 3-1 was
Li, solag 501105 (x=0.17) and the thickness thereof was 50
nm.

Comparative Examples 3-2 to 3-6

A solid electrolyte material in thin film form was obtained
in the same manner as Comparative Example 3-1 except for
properly modifying the deposition time. The thickness of the
solid electrolyte materials obtained in Comparative
Examples 3-2 to 3-6 was 250 nm, 450 nm, 650 nm, 850 nm
and 1050 nm, respectively.

[Evaluation 3]

0,,/0, of the solid electrolyte materials obtained in Com-
parative Examples 3-1 to 3-6 was calculated. The measuring
method is the same as the above-mentioned Evaluation 1. The
result is shown in Table 3 and FIG. 6.

TABLE 3
Chemical Formula Thickness 0/Og

Comparative Liy sgLag 50TiO3 50 nm 0.10
Example 3-1 (x=0.17)

Comparative 250 nm 0.10
Example 3-2

Comparative 450 nm 0.06
Example 3-3

Comparative 650 nm 0.07
Example 3-4

Comparative 850 nm 0.07
Example 3-5

Comparative 1050 nm 0.10
Example 3-6

As shown in Table 3 and FIG. 6, in the case of x=0.17, the
change of o,,/0, by a difference in the thickness was not
confirmed and any of o,,/0, was a low value. The reason
therefor is not completely clear and is conceived to be that the
joint of crystal grains in the crystal grain boundary is probably
weak.

Reference Example

A solid electrolyte material as a bulk body was synthesized
by the same method as Patent Literature 2. First, Li,COj,
La,0; and TiO, were mixed at a molar ratio of 1:1:4, mixed
for 2 hours by planetary ball milling while using an acetone
solvent, and thereafter dried. Next, the mixture was heated at
atemperature of 800° C. for 4 hours and subsequently heated
at a temperature of 1150° C. for 12 hours. Next, the obtained
test sample was ground, molded at a pressure of 1 MPa, and
thereafter heated at a temperature of 1350° C. for 6 hours.
Thus, a solid electrolyte material as a sintered bulk body was
obtained. An SEM photograph of the surface of the obtained
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solid electrolyte material is shown in FIG. 7. On the other
hand, an SEM photograph of the surface of the solid electro-
lyte material obtained in Example 1-1 is shown in FIG. 8. As
shown in FIG. 7, with regard to the solid electrolyte material
as a sintered bulk body, the joint of the crystal grains to each
other is insufficient and the crystal grain boundary becomes
the bottleneck. As a result, it is conceived that Liions build up
easily in the crystal grain boundary and may not move
smoothly. On the contrary, as shown in FIG. 8, with regard to
the solid electrolyte material of the present invention, the joint
of'the crystal grains to each other is favorable. As a result, it is
conceived that [i ions do not build up in the crystal grain
boundary and may move smoothly. Thus, with regard to the
solid electrolyte material of the present invention, it is con-
ceived that the joint of the crystal grains to each other is so
favorable as to improve Li ion conductivity in the crystal grain
boundary.

REFERENCE SIGNS LIST

1 cathode active material layer
2 anode active material layer
3 solid electrolyte layer
4 cathode current collector
5 anode current collector
6 battery case
10 lithium battery
11 chamber
12 crucible
13 substrate
14 LiLaTiO thin film
The invention claimed is:
1. A solid electrolyte thin film of formula (I):

Li3x(L3(2/3—x)—aM 1)(Ti;_sM2,)03 @,

wherein:
X is 0<x<0.17;
ais O=a=0.5;
b is 0=b<0.5;
M1 is at least one selected from the group consisting of Sr,
Na, Nd, Pr, Sm, Gd, Dy, Y, Eu, Tb, and Ba; and
M2 is atleast one selected from the group consisting of Mg,
W, Mn, Al, Ge, Ru, Nb, Ta, Co, Zr, Hf, Fe, Cr, and Ga,
wherein the solid electrolyte thin film consists of a crystal-
line material, and has a thickness of 250 nm to 850 nm.
2. The solid electrolyte thin film of claim 1, wherein x is
0.06=x=<0.08.
3. The solid electrolyte thin film of claim 1, wherein a and
bareO.
4. A lithium battery, comprising:
a cathode active material layer comprising a cathode active
material;
an anode active material layer comprising an anode active
material; and
a solid electrolyte layer formed between the cathode active
material layer and the anode active material layer,
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wherein the solid electrolyte layer consists of the solid
electrolyte thin film of claim 1.

5. The lithium battery of claim 4, wherein the solid elec-
trolyte thin film has a thickness of 250 nm to 600 nm.

6. The lithium battery of claim 5, wherein one surface of the
solid electrolyte layer contacts the cathode active material
layer, and the other surface of the solid electrolyte layer
contacts the anode active material layer.

7. The solid electrolyte thin film of claim 1, having a
thickness of 300 nm to 750 nm.

8. The solid electrolyte thin film of claim 1, having a
thickness of 350 nm to 650 nm.

9. The solid electrolyte thin film of claim 1, having a
thickness of 250 nm to 600 nm.

10. A method for producing a solid electrolyte thin film, the
method comprising:

forming a LiLaTiO thin film on a substrate by reactive

deposition of a raw material comprising Li, La, Ti, a
component M1 comprising at least one selected from the

group consisting of Sr, Na, Nd, Pr, Sm, Gd, Dy, Y, Eu,
Tb, and Ba, and a component M2 comprising at least one
selected from the group consisting of Mg, W, Mn, Al,
Ge, Ru, Nb, Ta, Co, Zr, Hf, Fe, Cr, and Ga with oxygen;
and
heating the LiL.aTiO thin film, to obtain a solid electrolyte
thin film of formula (I):
Li3x(L3(2/3—x)—aM1a)(Til—bM2b)03 @,
wherein:
x is 0<x<0.17,
ais 0=a=0.5; and
b is O=b=0.5,
wherein the solid electrolyte thin film consists of a crystal-
line material, and has a thickness of 250 nm to 850 nm.

11. The method of claim 10, wherein x is 0.06=x=<0.08.

12. The method of claim 10, wherein the reactive deposi-
tion employs an oxygen plasma.

13. The method of claim 10, wherein the substrate is a
member comprising a cathode active material layer or an
anode active material layer.

14. The method of claim 10, wherein the solid electrolyte
thin film has a thickness of 300 nm to 750 nm.

15. The method of claim 10, wherein the solid electrolyte
thin film has a thickness of 350 nm to 650 nm.

16. The method of claim 10, wherein the heating is carried
out at a temperature in a range from 600 to 900° C.

17. The method of claim 10, wherein the heating is carried
out for a time from 0.5 to 6 hours.

18. The method of claim 10, wherein the substrate is a
member comprising a cathode active material layer.

19. The method of claim 10, wherein the substrate is a
member comprising an anode active material layer.

20. The method of claim 10, wherein the solid electrolyte
thin film has a thickness of 250 nm to 600 nm.
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